The effect of dust on Cadmium-Telluride photovoltaic (PV) thin film modules is investigated by the application of a spatial 3 dimensional model developed with the circuit analysis software PSPICE. The effect of dust concentration and tilt angle variation on the PV module's performance was investigated. The probability of hotspots in different installation positions is investigated. The simulation results showed a reduction in the sample's performance with increased dust concentration and reduced tilt angle. The variation between cell positions showed that a horizontal orientation of the cells has an increased risk of hotspots with cells with localized lower parallel resistances than cells identified with uniform high parallel resistance.
INTRODUCTION
The high initial cost of PV systems requires governmental incentives that are typically being paid in form of a tariff. These subsidies are essential factors as the system will payback its capital cost over a period of time and then generate a surplus. Module manufacturers tend to guarantee module power reductions of less than 10% in the first 10 years, and less than 20% for the next 20-25 years for crystalline Silicon technologies, which promoted PV systems to become a very attractive source of energy [1, 2] , provided that all components work well. Unfortunately, there are many external factors that can limit device performance. Those factors are not included in the test procedures used to determine the PV module lifetime performance. One of the factors is quasi-continuous cell mismatch due to manufacturing defects and natural soiling such as bird droppings, snow, pollutants and dust. The latter is the focus of this paper.
In most arid zones of the world, sand dust is a detrimental agent as far as solar energy applications are concerned. When foreign particles fall on PV modules, they interfere with illumination quality by both absorbing and scattering light. The degree to which the particles interfere depends on their constitution, density, and size distribution [3] . The accumulation of dust on the PV module's surface area can produce spots with varying concentrations of dust particles, as illustrated in Figure 1 . These spots vary in shape, location and concentration density. The variation in dust accumulation in any place can lead to different transmittance of light into the module, thus leading to small random areas on the PV module with less exposure to solar radiation. This effect is equivalent to inhomogeneous shading on the surface of the module. It also increases the possibility to trigger the hot spot effect where the operating current of a module exceeds the short circuit current of the worst affected cell, e.g. due to shading or dust accumulation [4] [5] [6] . When this case occurs, the affected cells are forced into reverse bias and thus dissipate power. Of the currently available technologies, the behavior of those with the largest market share, such as mono and poly crystalline silicon is well understood. The PV module is protected through the use of bypass diodes across a substring of several cells. Thin film devices, such as amorphous Silicon (a-Si) and Cadmium Telluride (CdTe), are more vulnerable to this problem [7] [8] . This is due to the construction method of these modules and the fact that most of them have their cells connected in series, making them more vulnerable to shading. Also, because of the way thin film modules are fabricated, it does not allow for cell sorting and control during the manufacturing process because the materials are directly deposited on the module substrate.
Some manufacturers claim that thin film technologies are less vulnerable to shading if they are installed with their cells oriented vertically to the plane as illustrated in Figure  2 . The reason is that the probability of a cell being fully shaded is reduced and only a portion of the cell will be exposed to shading, which may not affect the module output greatly [1] . This claim, though holding true in some cases, does not take into consideration that triggered hot spot due to shading does not necessarily occur when a cell is fully shaded, but can happen when a cell, or group of cells, are partially shaded [4] [5] [6] 9] . In the long term, that will not only affect the performance of the module, it may lead to unrecoverable damage to the cell due to hot spot overheating. In this paper the focus is on thin film technology, especially CdTe modules. A Spatial 3 Dimensional Model (S3DM) is developed and used to investigate various scenarios seen in realistic outdoor operation. The effect of dust is modeled using dust density values obtained in a previous work [8] , where a relation was determined between dust density and accumulation on different tilt angles.
MODELLING STRUCTURE AND SPATIAL 3 DIMENSIONAL MODEL
Dust is one of the natural elements abundant in the environment. The variation in dust particle size and composition depends on the location [10] . In some regions, dusty weather conditions tend to be more severe than in others. For example, in Kuwait dust is present in 27% of the day time throughout May to August. This results in a combination of hot and dusty weather for PV technology [11] , which will be particularly challenging. Furthermore, dust tends to settle on surfaces, creating a fine layer across any exposed surface. The accumulation of dust is influence by factors such as gravitational forces, wind speed, wind direction, electrostatic charges and the wetness of the surface [13] . Out of those parameters, the most dominating effects are the gravitational effect, particle size and wind speed and direction. Slow wind will increase the deposition of dust, while fast wind speed will help remove dust of certain particle sizes if the wind is incident in an appropriate direction [12] [13] [14] .
It has been reported that falling dust has a direct effect in reducing the performance of solar modules [14] [15] [16] [17] [18] [19] . Accumulated and airborne dust reduces the amount of solar radiation falling on the surface of a PV module [18] . Goosens and Van Kerschaever provided a relation between airborne dust, accumulated dust and the reduction in PV cell short circuit current [19] Using a wind tunnel experiment, they showed that there is an aerodynamic relation between airborne dust, accumulated dust and the reduction in PV power output. Others reported a relation between dust particle size, particle distribution, tilt angle and the reduction in transmittance of solar radiation [3, 10, 13, 15] . In general, the literature agrees on a reduction in short circuit current with increase in accumulated dust density.
Different dust density values on glass samples tilted at different angles were reported by Qasem et al., see Table  1 [8] . In this paper, those values are used in the S3DM to investigate the effect of dust on the distribution of current through different layers within the PV cell. This effect is shown in the form of power dissipated through the cell materials. The effect of dust accumulation on the surface of a PV module can be compared to random shadowing on the surface of a PV cell. This means the affected areas are not covered homogeneously. To better understand the effect of randomly distributed shadowing on the surface of the cell, spatially resolved measurements are required.
Spatially resolved measurement and distributed analysis in solar cells is the investigation of solar cell properties or electrical PV parameters by taking into account their location (position) on the solar cell or module [20] . It has been done in the past and is generally used to investigate the influence of the distribution and variation of physical properties on overall performance and efficiency.
Spatial simulations can be done in many different ways, depending on the type of technology that needs to be simulated and the effects it needs to represent. Different models have been reported over the years. A seriesconnected 2 dimensional (2D) model was reported by Burgelman and Niemegeers for simulating CIS and CdTe module efficiencies [21] . Other models adopted different layers of PV cell to better understand the effect of each part on the performance of the whole cell [22] [23] [24] [25] . Galina et al. reported a 3D model which accounts for the cell's transparent conductive oxide (TCO) and back sheet contacts. Others accounted for the cell dimensions in the form of calculated resistivity [20] . Vorasayan et al. reported a distributed 3 dimension model (D3DM) focussing on the idiosyncrasies of amorphous silicon technologies.
Cadmium Telluride Solar Cell Modelling
The starting element for the development of the spatial model was the single diode model. The usage of this model for different types of PV technologies is possible, with some modifications to accommodate for the differences in the cell technology. Since CdTe is a polycrystalline heterojunction, the standard one diode model should be applicable with only slight modification.
It was reported that CdTe device I-V curves show a limiting current in the forward bias [27, 28] . This effect can be attributed to the device structure where in the case of CdTe, the material layers form a Schottky barrier with the back contacts which creates the limiting effect. This allows CdTe devices to be described by having a diode in series to the series resistance in the module. The back diode is not represented as a part of the active photovoltaic material and its influence is only on the series resistance.
As shown in the modelled circuit, the back diode is reversed biased, though it does not reach break-down for normal operating conditions [26] . The reason for that is the voltage of the cell is in the magnitude of less than one volt, while a break-down voltage is in the range of several volts. The model is equivalent to the one diode model apart from the calculation of Vj,. The back diode has to be accounted for and thus can be calculated by:
The back diode can be modelled as a Schottky diode, and thus, the voltage across the diode is given by:
IBD in this equation represents the saturation current of the back diode which is exponentially dependant on the temperature. Modifying equation 1 with equation 2 to obtain:
This is known as the backdiode model modified by Stollwerck to represent the behaviour of CdTe technology [30] .
Spatial 3 Dimensional Model
A one dimensional model usually consists of a one diode model with additional lateral resistance Rs,Lat. In our case, as shown in Figure 3 , the model is made of two diodes ID & IBD, photocurrent source Iph, shunt resistance Rsh and series resistance Rs. The shunt resistance represents the photo-generation, recombination and parasitic losses in a practical solar cell. The series resistance in this case is the bulk resistivity of the semiconductor material and is represented as Rse without the contribution of the contact layers resistivity. Figure 5 shows the variation between the outputs for different simulated numbers of cells.
The properties of the cell with active area divided into 4, 8 or 16 divisions differ from the properties of the cell with 64 divisions relatively by 1%, 0.8% and 0.2%, respectively. In order to consider the distributed resistance and to keep the PSpice model accurate it was concluded that for our purpose where power dissipation in the cell will be analysed, it is sufficient to divide the model of the active solar area to 64 divisions. In comparison, increasing the cell size by an increment of 1.0 cm 2 did not introduce any significant changes to the previous results obtained with 1.0 cm 2 cell size. 
LOSSES DUE TO THE INFLUENCE OF DUST
Initially the effect of dust on performance is investigated with different dust concentrations. This effect was explored modelling three cells connected in series. The total area of Table 2 and Figure 6 .
The simulation showed a reduction in the power output under higher concentration of dust, where the cell performance decreased. This approach is used to simplify the effect of dust settling on the PV cell. The simplification came from the fact that dust deposition can produce complicated patterns that vary under different influences such as wind direction, particle size and gravitational effect which is represented by the tilt of the surface. In this work, only the last element was taken into consideration. The effect of gravity was represented by a gradual variation of dust on the surface of the PV cell. The simulation showed that increasing the tilt angle supports the removal of dust. This was shown by the increase in the cell output by increasing tilt angle. A high increase in the tilt angle (>60 o ) can reduce the effect of dust, although in most installations it is not the preferred tilt used to optimize the solar resource utilisation.
An optimized tilt, though reducing the effect of dust relative to a 0 o tilt, can introduce a significant variation in settled dust concentration on different areas of the module. In most cases, where no rain effect is introduced, tilting the PV module can introduce a gradual settlement of dust where higher concentration is settled at the bottom and lower concentration at the top.
This effect poses a risk of triggering hotspots in the cells. The simulated sample was divided into 4 regions where higher concentration of dust was settled in a smaller area in the bottom of the cell, while the top area, which represents the major area of the cell, has a very low dust concentration. This configuration aims to represent a scenario of a 30 o tilted module exposed to a very dusty climate for a short period of time. Two different variations of material variations were introduced; uniform high parallel resistance (voltage limited -VL) and localized low parallel resistance (current limited -CL). The sample was simulated in two orientations, with cells oriented in a horizontal position to the plane (Hor) and vertical position (Vert) as illustrated in Figure 1 . The simulations are shown in Figure 7 and Table 3 . The variation types introduced a small difference (1%) between the dust-free samples. The worst case was seen in the horizontal cells configuration, where the sample lost 66.3% of its maximum power when a current limiting cell was introduced in comparison to 66.7% for a voltage limiting cell. This can be attributed to the horizontal configuration allowing a full length of the cell to be covered by dust while the vertical configuration introduced 44.1% and 42.2% reductions for the current-limiting and voltagelimiting scenarios, respectively. The power loss in the two cell orientations varied within each module and so a detailed investigation was undertaken under maximum power point as shown in Table 4 . The voltage limiting samples showed a more uniform power dissipation per cell and less uniform power dissipation between the cells than that of the non-shaded sample, see Figure 8 . The effect occurred when the sample was placed in the horizontal cells configuration due to uniform shading on the first cell at the bottom (Figure 8-right) . Less uniform power dissipation was observed when the voltage limited sample was simulated in the vertical cells configuration (Figure 8-bottom) . This can be attributed to the lower current limiting of the cell in this configuration compared to the horizontal cell configuration. The first configuration orientation can lead to a slow and uniform heating in the shaded cells when it operates at higher current than that of the cells maximum power point. The current limiting cell showed a more severe power dissipating area around the material variation regions as shown in Figure 9 . The horizontal cell configuration showed a higher sensitivity to power dissipation around the material variation regions. On the other hand, the vertical cell configuration did not show any signs of heated hotspot. This is mainly due to the placement of the local defects in the sample with respect to the area exposed to higher dust concentration in the sample. Operation at maximum power point will set the operating current of the PV cell lower than the short circuit current and thus reduce the impact of the dusting. This is illustrated in Figure 10 where the same current limited sample was simulated in a horizontal cell configuration at short circuit current to introduce the worst case scenario.
The heated area showed a higher value than that showed in the sample simulated operating at the maximum power point. 
CONCLUSION
The accumulation of dust on the surface of a PV module will reduce the performance with dependence on dust concentration and the module tilt angle. With increasing tilt angle the effect of dust is reduced, although it can introduce a density variation of the accumulations of dust on the surface of the module which can increase the possibility of triggering hotspots.
Simulated dust samples showed higher reduction in power when the PV module is installed in a configuration where the cells are oriented in the horizontal. This gives a higher dust concentration at the bottom cell, reducing the power of the module by 66.7% for a voltage limiting cell and 66.3% for a current limiting cell in comparison to 42.2% and 44.1% respectively for a vertical cell configuration.
PV cells identified with localized low parallel resistance and uniform high parallel resistance are more vulnerable to hotspots in horizontal cell configuration at normal operating conditions. On the other hand, PV cells identified with higher parallel and lower parallel resistance are less vulnerable to uniform hotspot heating when exposed to dust at vertical cell configurations. Cells identified with localized lower parallel resistance tend to be more vulnerable to hotspots in the horizontal configuration than that of cells identified with higher uniform parallel resistance. This is mainly due to the fact fully shaded cells are required to overheat cells identified localized lower parallel resistance.
